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HIGHLIGHTS 


►  Cooperative  interaction  among  Co, 
N  and  C  is  the  key  to  enhance 
oxygen  reduction  reaction  (ORR). 

►  Individual  interactions  between  C 
and  N,  C  and  Co,  Co  and  N  have  little 
effect  on  the  ORR  enhancement. 

►  Doping  effect  on  ORR  enhancement 
is  dependent  on  the  natures  of  the 
transition  element  and  anion. 
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A  series  of  M-doped  polypyrrole  (PPy)-modified  BP2000  catalysts  (M  =  Mn,  Fe,  Co,  Ni,  and  Cu)  are 
synthesized  using  the  hydrothermal  method.  The  synergy  among  a  transition  element,  nitrogen,  and 
carbon  for  oxygen  reduction  reaction  (ORR)  in  alkaline  medium  is  discussed  based  on  the  physical 
characterization  and  electrochemical  analyses  of  the  Co-doped  PPy-modified  BP2000.  PPy  is  found  to 
adhere  carbon  black  particles  together  to  form  a  porous  3D  network  during  the  PPy  modification  on 
BP2000.  PPy  reconfiguration  occurs  during  the  hydrothermal  treatment  process.  The  individual  inter¬ 
actions  between  BP  and  PPy,  BP  and  Co,  and  Co  and  PPy  exhibit  insignificant  effects  on  the  enhancement 
of  ORR.  The  cooperative  interaction  among  Co,  N,  and  C  plays  a  very  important  role  in  the  enhancement 
of  ORR.  The  doping  effect  of  transition-metal  salt  on  ORR  enhancement  depends  on  the  nature  of  the 
transition  element  and  the  corresponding  anion. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  performance  of  a  fuel  cell  or  air  battery  is  highly  dependent 
on  the  rate  of  oxygen  reduction  reaction  (ORR).  Platinum  is  an 
excellent  catalyst  for  ORR.  However,  the  scarcity  and  high  catalyst 
cost  of  Pt  are  big  problems  in  fuel  cell  and  air  battery  development. 
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Thus,  the  search  for  Pt  alternative  catalysts  for  ORR  has  become  one 
of  the  more  important  tasks  in  electrochemistry. 

ORR  is  a  complicated  condition-sensitive  multi-step  reaction 
because  the  ORR  pathway  depends  on  the  adsorption  configuration 
of  molecular  oxygen  and  the  interaction  between  molecular  oxygen 
and  catalytic  sites  [1,2],  Oxygen  adsorption  configuration  depends 
on  the  crystallographic  structure  of  the  catalyst  (geometrical  effect) 
and  the  binding  energy  (chemical  effect)  between  oxygen  and 
catalytic  sites. 

In  general,  carbon  exhibits  poor  electrocatalytic  activity  to  ORR. 
However,  carbon  materials  become  reactive  to  oxygen  molecular 
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when  free  radicals  (with  unpaired  electrons)  are  formed  on  carbon 
surfaces  [3],  Free  radicals  can  be  created  by  breaking  the  surface 
bonds  of  =C— H,  C-0  at  a  high  temperature  of  900  °C  in  vacuum. 
Furthermore,  when  carbon  materials  are  doped  with  nitrogen,  the 
formed  N-doped  carbons  have  fairly  good  electrocatalytic  activity 
to  oxygen  reduction  [4,5]  because  the  created  pyridinic-N  and 
graphitic-N  catalyze  ORR  [6,  7],  Pyridinic-N  (— C=N— C)  and 
graphitic-N  represent  the  nitrogen  atom  bonded  to  two  carbon 
atoms  at  the  edges  of  graphite  planes  and  the  three  carbon  atoms 
within  a  graphite  (basal)  plane,  respectively.  Nitrogen  donates  an 
electron  from  its  lone  electron  pair  to  the  7t-conjugated  bond 
system,  imparting  Lewis  basicity  to  the  carbon  [8]  and  enabling  the 
carbon  to  adsorb  molecular  oxygen  and  transfer  this  electron  to 
molecular  oxygen  to  form  intermediates,  such  as  OH-,  O2-,  and 
HO2-.  These  intermediates  are  very  important  to  ORR  [9,10], 

Nitrogen  plays  an  important  role  in  ORR  on  N-doped  carbons 
and  organometallic  compounds.  Many  nitrogen-containing  organ- 
ometallic  compounds  have  comparable  electrocatalytic  activities  to 
Pt  [11],  M-Nx  sites  in  transition-metal  macrocycles  (e.g.,  tetrame- 
thoxy  tetraphenyl  porphyrin,  phthalocyanine,  tetraphenyl 
porphyrins,  and  tetraazaanulene)  or  in  transition-metal  macrocycle 
composites  (e.g.,  polypyrrole  and  polyaniline)  function  as  electro¬ 
catalytic  sites  for  ORR,  where  M  represents  a  transition-metal,  such 
as  Fe,  Co,  Ni,  Mn,  and  Cu.  Carbon-supported  transition-metal 
compounds  (e.g.,  Co/N/C  and  Fe/N/C)  also  exhibit  fairly  good  elec¬ 
troactivity  to  ORR  [12—14],  Polypyrrole  (PPy)  modification  can 
significantly  improve  the  ORR  kinetics  on  carbon-supported 
Co(OH)2  catalysts  [15—17],  Several  electrocatalytic  sites  may  co¬ 
exist  in  the  catalysts  mentioned  above.  Many  studies  [18—22] 
claimed  that  the  Co— Nx  and  — C=N— C  sites  on  carbon-supported 
catalysts  are  the  catalytic  sites  for  ORR.  However,  the  fundamen¬ 
tals  of  nitrogen-  and  transition-metal-doping  effects  on  ORR 
enhancement  are  unclear.  Less  attention  has  been  paid  to  the 
interaction  between  M— Nx  and  the  carbon  from  the  catalyst 
support. 

In  this  study,  a  series  of  catalysts  with  different  compositions  is 
synthesized  using  the  hydrothermal  method  to  investigate  the 
interactions  among  catalyst  components.  The  catalytic  sites  and  the 
synergy  among  a  transition  element,  nitrogen  (from  PPy),  and 
carbon  (from  catalyst  support)  are  discussed  based  on  the  results  of 
physical  characterization  and  electrochemical  analysis. 


2.  Experimental  details 

2.1.  Catalyst  synthesis 

The  procedure  for  the  preparation  of  PPy-modified  BP2000 
(PPy/BP)  was  described  in  a  previous  study  [15].  Carbon  dispersion 
was  prepared  by  adding  10  g  of  carbon  powder  (BP2000)  and 
2.5  mL  of  glacial  acetic  acid  to  150  mL  of  de-ionized  water  after 
stirring  for  20  min  under  room  temperature.  Then,  2  g  of  pyrrole 
and  10  mL  of  H2O2  solution  (10wt.%)  were  added  to  the  carbon 
dispersion  to  load  PPy  on  the  surfaces  of  the  BP2000  powders.  The 
PPy/BP  sample  was  obtained  after  stirring  for  3  h  in  the  dark, 
filtering,  washing,  and  finally,  drying  at  90  °C  under  vacuum  for 
10  h.  The  loading  of  PPy  on  the  carbon  was  approximately  17  wt.%. 

M-doped  catalysts  (M  =  Mn,  Fe,  Co,  Ni,  and  Cu)  were  prepared 
using  the  hydrothermal  method.  Then,  0.7  g  of  the  PPy/BP  was 
added  to  a  vessel  containing  100  mL  of  transition-metal  salt  solu¬ 
tion  (12  mmol  L-1).  After  ultrasonic  mixing  for  20  min,  the  vessel 
was  sealed  and  placed  into  an  incubator  for  12  h  at  60  °C.  The  M- 
doped  PPy-modified  BP2000  (M-doped  PPy/BP)  was  then  obtained 
after  filtrating  and  washing  repeatedly  with  warm  de-ionized 
water  and  after  drying  at  90  °C  under  vacuum  for  12  h. 


2.2.  Structural  characterization  and  elemental  identification 

The  microstructure  and  morphology  of  the  synthesized  catalysts 
were  characterized  via  X-ray  diffraction  (XRD)  using  a  Rigaku-D/ 
MAX-2550PC  diffractometer  with  Cu  Ka  radiation  (A  =  1.5406  A) 
and  scanning  electron  microscopy  (SEM),  respectively.  The  chem¬ 
ical  valence  states  of  Co,  N,  O,  and  C  were  investigated  through  X- 
ray  photoemission  spectroscopy  (XPS)  using  a  PHI-5000C  ESCA 
system  (Perkin  Elmer  Inc.,  USA)  with  Mg  Ka  radiation 
( hv  =  1253.6  eV).  All  spectra  were  referenced  to  the  C  Is  level  at 
284.6  eV  to  correct  the  peak  shift  that  occurred  because  of  the 
charge  accumulation  on  the  sample.  Data  analysis  was  performed 
using  the  RBD  AugerScan  3.21  software  by  RBD  Enterprises.  For 
convenience  in  analysis,  all  spectra  were  normalized  based  on  the 
relative  surface  content  of  each  constituent.  The  Fourier  transform 
infrared  (FTIR)  spectra  were  recorded  in  the  range  of 
800-2000  cm-1  with  4  cm-1  spectral  resolution  by  using  a  Nico- 
let-IRlOO  FTIR  spectrometer. 

2.3.  Electrochemical  evaluation 

The  electrochemical  activity  of  a  prepared  catalyst  was  evalu¬ 
ated  in  a  three-electrode  system  using  the  CHI  1140A  electro¬ 
chemical  workstation  (from  CH  Instruments,  Inc.)  with  a  disk 
electrode  as  working  electrode.  The  working  electrode  was 
prepared  by  loading  5  pL  of  catalyst  ink  onto  a  pretreated  glassy 
carbon  (GC)  electrode  (3  mm  diameter  and  0.07065  cm2  geomet¬ 
rical  area)  and  then  dried  at  room  temperature.  Then,  8.0  mg  of  the 
catalyst  sample,  3  mL  ethanol,  and  0.2  mL  Nation  suspension 
(5  wt.%)  were  ultrasonically  mixed  to  form  a  homogenous  catalyst 
ink.  Calomel  electrode  in  saturated  KC1  solution  (SCE)  and  Pt-wire 
electrodes  were  used  as  reference  and  counter  electrodes,  respec¬ 
tively.  Cyclic  voltammograms  (CVs)  of  the  electrodes  were  recorded 
between  -1.0  and  0.2  V  (vs.  SCE)  at  25  °C  and  a  scan  rate  of 
10  mV  s-1  in  an  alkaline  Ar  or  02-saturated  solution  (0.1  M  KOH). 

For  powder  catalyst  evaluation,  the  use  of  the  following 
approximate  Koutechy-Levich  (K-L)  equation  [20]  is  convenient 
for  the  estimation  of  the  number  of  electrons  transferred  (n)  per  O2 
molecule  through  ORR: 

j-1  =  Jk1  +  {0.62nFC0D^/3v-1/6wi/2}-1  (1) 

where  jk  is  the  kinetically  apparent  limiting  current  density,  to  is  the 
angular  frequency  of  rotation,  and  F  is  the  Faraday  constant.  The  O2 
concentration  (Co),  diffusion  coefficient  (D0)  of  02  in  0.1  M  KOH 
solution,  and  kinematic  viscosity  (v)  of  the  0.1  M  KOH  solution  were 
1.15  x  10-3  M,  1.95  x  10-5  cm2  s-1,  and  0.008977  cm2  s-1,  respec¬ 
tively  [23]. 

Rotating  disk  electrode  (RDE)  voltammograms  were  recorded 
between  -0.85  and  -0.15  V  (vs.  SCE)  at  a  scan  rate  of  10  mV  s-1 
under  rotation  rates  of  300, 400,  600,  800  and  1250  rpm  in  a  0.1  M 
KOH  solution  saturated  with  O2  at  25  °C.  To  evaluate  the  effect  of 
the  interaction  among  Co,  N,  and  C  in  the  Co-doped  PPy-modified 
BP2000  on  ORR,  the  test  catalysts  were  assumed  to  have  similar 
electroactive  surface  areas. 

3.  Results  and  discussion 

3.1.  Morphology  and  structure  studies 

Pyrrole  is  a  heterocyclic  aromatic  organic  compound  that  has 
a  five-membered  ring  with  the  formula  C4H4NH.  The  NH  proton  in 
pyrrole  is  moderately  acidic.  Pyrrole  is  easily  polymerized  through 
the  oxidation  of  the  pyrrole  monomer  to  form  PPy.  BP2000  (from 
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Fig.  1.  XRD  patterns  of  BP2000,  PPy,  PPy/BP,  Co-doped  PPy  and  Co-doped  PPy/BP. 


Cabot  Corporation)  is  an  amorphous  carbon  black  used  as  electro¬ 
catalyst  support.  The  wide  XRD  diffraction  peaks  of  carbon  at  26.1° 
and  44.2°  indicate  that  BP2000  carbon  and  PPy  have  low  crystal¬ 
lization  degree,  as  shown  in  Fig.  1.  No  significant  change  in  structure 
was  observed  through  XRD  identification  after  PPy-modification 
and  hydrothermal  Co-doping  treatments  (with  Co  nitrate  as 
dopant),  as  shown  in  Fig.  2.  No  crystalline  cobalt  compound  was 
detected  using  the  XRD  analyses. 


Table  1 

pH  values  of  Co  nitrate  solutions  before  and  after  hydrothermal  Co-doping 
treatment. 


BP  (0.7  g)  PPy/BP  PPy  (0.7  g) 

(0.12  g/0.58  g) 

Co  nitrate  solution  5.52  5.52  5.52 

After  ultrasonic  mixing  53  5  4.43  2.66 

After  hydrothermal  treatment  4.89  4.14  1.80 


Fig.  2a  and  b  shows  the  morphologies  of  the  purchased 
BP2000  and  the  synthesized  PPy,  respectively.  PPy-modification 
and  sequential  hydrothermal  Co-doping  treatments  changed  the 
morphology  of  BP2000,  as  shown  in  Fig.  2c-e.  PPy  tied  the 
carbon  black  particles  together  to  form  a  3D  network  during  PPy 
modification.  After  hydrothermal  Co-doping  treatment,  the 
PPy/BP  particles  were  agglomerated  to  form  a  morphology 
similar  to  that  of  the  Co-doped  PPy  sample.  PPy  reconfiguration 
occurred  during  the  hydrothermal  process,  as  shown  in  Fig.  2d 
and  e.  However,  the  reconfigured  PPy  preserved  its  non¬ 
crystalline  characteristics,  as  shown  in  Fig.  1.  Through  pH 
measurement,  the  pH  value  of  the  Co(N03)2  solution  slightly 
decreased  after  ultrasonic  mixing  with  PPy  or  PPy/BP,  as  shown 
in  Table.  1.  The  pH  value  of  the  Co(NOs)2  solution  further 
decreased  in  the  sequential  hydrothermal  process.  The  pH  value 
of  the  Co(N03)2  solution  decreased  with  increasing  amounts  of 
PPy  in  the  sample,  indicating  that  PPy  reacted  with  Co2+  and 
released  the  NH  proton  of  PPy  during  Co-doping,  as  suggested  in 
the  following  reaction: 


2  ^\h  +  Ccr 


>2+=  ^N— Co— - 


(2) 


d  Co-doped  PPy  e  Co-doped  PPy/BP 


Fig.  2.  Morphologies  of  (a)  BP2000,  (b)  PPy,  (c)  PPy/BP,  (d)  Co-doped  PPy  and  (e)  Co-doped  PPy/BP. 
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Table  2 

Surface  composition  of  BP2000  after  PPy-modification  and  hydrothermal  Co-doping 
treatment  using  Co  nitrate  as  the  dopant. 


C  (at.%)  0  (at.%) 

”BP  908  02 

PPy  76.9  12.3 

PPy/BP  86.9  9.8 

Co-doped  PPy  75.6  16.1 

Co-doped  PPy/BP  88.0  10.3 


N  (at.%) 


Co  (at.%) 


0.2 

0.2 


According  to  the  surface  composition  evaluation  based  on  the 
results  of  the  XPS  analyses  in  Table.  2,  the  nitrogen-to-carbon  ratio 
on  the  PPy  surface  (N:C  =  1:7)  was  found  to  be  lower  than  that  of 
PPy  (N:C  =  1 :4),  suggesting  that  the  pyrrole  ring  was  not  parallel  to 
the  particle  surfaces  of  PPy.  Assuming  that  10.8  at.%  surface 
nitrogen  content  corresponds  to  a  perfect  PPy  layer,  the  1.4  at.% 
surface  nitrogen  content  of  PPy/BP  indicates  that  only  approxi¬ 
mately  13%  of  the  carbon  surfaces  was  covered  by  PPy,  as  shown  in 
the  quantitative  XPS  analyses  in  Table.  2.  Hydrothermal  Co-doping 
treatment  changed  some  of  the  surface  nitrogen  content. 

3.2.  XPS  studies 

Fig.  3  shows  the  normalized  XPS  spectra  of  the  test  samples 
based  on  the  relative  surface  content  of  the  constituents  listed  in 
Table.  2.  According  to  the  Nls  core  level  spectra  of  PPy  after  spectral 
deconvolution  [18-22],  the  400.5,  399,  and  398  eV  binding  ener¬ 
gies  were  attributed  to  the  “pyrrolic”  nitrogen  (-NH),  “pyridinic” 
nitrogen  (-C=N-C=),  and  Co-N  bond,  respectively.  Pyrrolic-N  is 
more  electronegative  than  the  nitrogen  in  the  Co— N  bond.  Co¬ 
doping  into  PPy  caused  the  binding  energy  of  the  Nls  electron  to 
shift  to  a  lower  energy  of  398  eV,  as  shown  in  Fig.  3a,  suggesting 
that  the  pyrrolic  nitrogen  in  PPy  broke  its  bond  with  hydrogen  and 
created  a  bond  with  cobalt.  This  result  coincides  with  the  pH  value 
changes  in  the  Co  nitrate  solutions  after  the  hydrothermal  Co¬ 
doping  treatment. 

As  can  be  seen  in  Table.  2  and  Fig.  3d,  only  a  small  amount  of  Co 
was  doped  into  PPy  and  PPy/BP,  indicating  that  not  all  surface 
nitrogen  can  bind  with  Co.  Some  space  factors  may  influence  the 
formation  of  Co— Nx.  The  Co-doping  into  PPy/BP  exhibited  a  more 
significant  binding  energy  shift  than  the  Co-doping  into  PPy 
because  of  the  abundance  of  Co-N  bond  in  the  Co-doped  PPy/BP 
(Co:N=  1:7.5),  which  is  more  than  that  in  the  Co-doped  PPy 
(Co:N  =1:40),  relative  to  the  Co  and  N  contents  on  the  surfaces. 


Fig.  4.  FTIR  spectra  of  BP2000,  PPy,  PPy-modified  BP  and  Co-doped  PPy/BP. 

According  to  the  Ols  spectrum  of  PPy  [18],  the  oxygen  on  the 
surface  of  PPy  combined  with  carbon  in  the  form  of  carbonyl  (C=Q 
531.5  eV)  and  hydroxyl  (C— OH  at  533.2  eV).  However,  the  oxygen 
on  the  surfaces  of  PPy/BP  and  the  Co-doped  PPy/BP  bound  carbon 
in  the  form  of  C-OH  at  533.2  eV,  similar  to  BP2000,  because  only 
approximately  13%  of  the  carbon  surfaces  were  covered  by  PPy. 

PPy  consists  of  SP3  hybridized  carbon  (at  284.8  eV,  a-position  in 
the  pyrrole  molecular  structure)  and  SP2  hybridized  carbon  (at 
283.84  eV,  P-position)  [18],  As  an  amorphous  carbon  [24,25], 


Fig.  3.  Normalized  X-ray  photoemission  spectra  of  (A)  Nls,  (B)  Ols,  (C)  Cls  and  (D)  Co2p  for  (a)  BP2000,  (b)  PPy,  (c)  Co-doped  PPy,  (d)  PPy/BP  and  (e)  Co-doped  PPy/BP,  respectively. 


ZP.  Li  et  al. /Journal  of  Power  Sources  219  (2012)  163-171 


167 


Potential  (V  vs.  SCE)  Potential  (V  vs.  SCE) 

Fig.  5.  CVs  of  BP,  PPy,  PPy/BP,  Co-BP,  Co-PPy  and  Co-PPy/BP  in  the  alkaline  (a)  Ar-  or  (b)  02-saturated  solution  (0.1  M  KOH)  at  25  °C.  Scan  rate:  10  mV  s 


BP2000  consists  of  SP2  hybridized  carbon  (graphitic-C  at  284.84  eV) 
and  SP3  hybridized  carbon  (diamond-like  carbon  at  285.8  eV).  The 
binding  energy  of  the  Cls  electron  of  the  SP2  hybridized  carbon  in 
BP2000  is  similar  to  that  of  the  a-position  carbon  of  PPy.  A  shake- 
up  appeared  at  approximately  291  eV  in  BP2000.  This  shake-up  is 
only  attributed  to  BP2000  because  it  did  not  appear  in  the  Cls 
spectrum  of  PPy. 

PPy  modification  on  BP2000  caused  the  Cls  peak  of  PPy/BP  to 
shift  to  low  binding  energy  but  it  indicated  an  insignificant  affect  on 
the  shake-up,  revealing  that  PPy  modification  did  not  affect  BP2000 
because  the  shift  in  Cls  peak  was  caused  by  the  increase  in  the  ex¬ 
position  carbon  of  PPy.  Therefore,  active  N-doped  carbon  cannot  be 
formed  through  PPy  modification  on  BP2000.  However,  Co-doping 
into  PPy/BP  causes  not  only  a  shift  in  its  Cls  peak  to  a  lower  binding 
energy  but  also  the  disappearance  of  the  shake-up.  Co  establishes 
a  certain  relation  with  the  carbon  of  BP2000  that  reduces  the  SP3 
hybridized  carbon  portion  on  the  carbon  surfaces,  whereas  an 
increase  in  SP2  carbon  and  a  decrease  in  SP3  carbon  are  important  to 
enhance  ORR  [5],  These  results  show  that  the  Co  in  the  Co-doped 
PPy/BP  acts  not  only  on  the  nitrogen  in  PPy  but  also  on  the 
carbon  in  BP2000. 

3.3.  FTIR  studies 

XPS  analyzes  the  kinetic  energy  and  the  number  of  electrons  that 
escape  from  a  certain  element  of  the  catalyst,  whereas  FTIR  analysis 
focuses  on  the  interaction  among  such  elements.  XPS  analysis 
cannot  distinguish  the  difference  in  Cls  electron  binding  energy 
between  C-C  and  C-N,  but  FTIR  analysis  can.  According  to  FTIR 
studies  on  PPy  [26-28],  the  characteristic  absorption  bands  of  pol¬ 
ypyrrole  can  be  observed  at  approximately  1659,  1565,  and 
1420  cm-1,  as  shown  in  Fig.  4.  The  absorption  peak  at  approximately 
1659  cm-1  corresponds  to  the  amines  in  the  pyrrole  structure  (— NH) 
(pyrrolic-N,  as  described  in  XPS  analysis).  The  bands  at  approxi¬ 
mately  1565  and  1420  cm  1  correspond  to  the  C—C  and  C— N 


stretching  vibrations  in  the  pyrrole  ring,  respectively.  The  charac¬ 
teristic  absorption  bands  of  the  carbon  materials  were  observed  at 
approximately  1640  cm-1  (C=C  stretching  vibration).  Significant 
differences  in  the  FTIR  spectra  of  BP2000,  PPy,  Co-doped  PPy,  and  Co¬ 
doped  PPy/BP  were  observed  in  the  region  of  1750-1200  cm-1, 
which  corresponds  to  the  -NH,  C—C,  and  C-N  stretching  vibrations 
in  the  pyrrole  ring. 

The  FTIR  spectrum  of  PPy/BP  is  similar  to  that  of  BP2000 
because  only  17  wt.%  of  PPy  was  loaded  onto  BP2000  and 
approximately  13%  of  the  carbon  surfaces  were  covered  with  PPy. 
Using  hydrothermal  Co-doping  treatment,  the  -NH  stretching 
vibration  of  the  Co-doped  PPy  ceased,  revealing  that  — NH  dis¬ 
integrated  to  form  a  new  group.  The  XPS  results  indicate  that  the 
newly  formed  group  is  the  bond  of  Co— Nx.  Correlated  with  the 
change  in  pH  value  of  the  Co  nitrate  solution  during  the  hydro- 
thermal  Co-doping  treatment,  pyrrolic  proton  is  known  to  release 
from  — NH  when  the  Co— Nx  group  is  formed  after  the  hydro- 
thermal  Co-doping  treatment. 

Compared  with  the  C-N  stretching  vibrations  at  approximately 
1420  cm-1  in  the  pyrrole  ring  of  PPy,  the  C-N  stretching  vibrations 
of  the  Co-doped  PPy/BP  shifted  to  lower  frequency  (red  shift), 
revealing  that  pyrrolic-N  was  affected  by  Co-doping.  The  C— N 
stretching  vibrations  slowed  down  because  of  the  drag  of  Co  from 
Co-Nx,  further  proving  the  existence  of  Co-Nx.  Notably,  the  C-N 
bonds  in  the  Co-doped  PPy  were  different  compared  with  those 
in  the  Co-doped  PPy/BP  because  the  bands  at  approximately 
1420  cm-1  (related  to  the  C— N  stretching  vibrations)  disappeared, 
suggesting  that  some  of  the  C— N  bonds  in  the  Co-doped  PPy/BP 
were  different  from  those  in  the  Co-doped  PPy. 

The  bands  at  approximately  1051  cm'1  correspond  to  the  =C-H 
in-plane  vibration  and  N— H  in-plane  deformation  [26].  The  p- 
position  (=C— H)  is  a  stable  position  in  the  pyrrole  ring  during 
polymerization,  and  thus,  the  bands  at  approximately  1051  cm'1 
can  be  recognized  as  the  reference  of  the  pyrrole  ring.  Therefore,  Co¬ 
doping  can  change  the  characteristic  absorption  bands  of  PPy  at 
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Fig.  6.  CVs  of  M-doped  PPy/BP  (M  =  Mn,  Fe,  Co,  Ni,  Cu)  in  the  alkaline  (a)  Ar-  or  (b)  02-saturated  solution  (0.1  M  KOH)  at  25  °C.  Scan  rate:  10 1 
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Fig.  7.  RDE  voltammograms  and  Koutechy-Levich  (K-L)  plots  obtained  from  (a)  non-doped  PPy/BP,  (b)  Mn-doped  PPy/BP,  (c)  Fe-doped  PPy/BP,  (d)  Co-doped  PPy/BP,  (e)  Ni-doped 
PPy/BP,  (f)  Cu-doped  PPy/BP  electrodes  in  the  02-saturated  KOH  solution  (0.1  M)  at  25  °C.  Scan  rate:  10  mV  s_I.  The  inset  shows  K-L  plots  obtained  at  0.5,  0.6,  0.7  V  vs.  SCE. 


approximately  1659  cm  1  (a-position),  but  not  at  approximately 
1051  cm-1  (p-position),  as  shown  in  Fig.  4. 


3.4.  Electrochemistry  studies 

BP2000  exhibited  a  certain  ORR  current  but  PPy  did  not,  as 
shown  in  Fig.  5,  revealing  that  the  C  sites  on  the  BP  particles 
catalyzed  ORR  but  those  on  the  PPy  particles  did  not.  PPy  modifi¬ 
cation  on  BP2000  and  Co-doping  into  BP2000  or  PPy  (with  Co 
nitrate  as  dopant)  exhibited  insignificant  effect  on  improving  ORR 
kinetics,  reflecting  that  the  individual  interactions  between  carbon 
support  and  PPy,  carbon  support  and  Co,  and  Co  and  PPy  are  not 
keys  to  the  enhancement  of  the  ORR  process.  However,  Co-doping 
into  PPy/BP  improved  ORR  kinetics,  as  shown  in  Fig.  5b.  The 
correlation  of  the  XPS  and  FTIR  results  with  the  CV  results  revealed 
that  doping  Co  to  PPy  can  form  Co— Nx.  However,  Co— Nx  on  PPy  did 
not  exhibit  significant  electroactivity  to  ORR,  indicating  that  Co¬ 
doping  is  effective  on  PPy/BP  but  not  on  PPy  relative  to  enhance¬ 
ment  of  ORR  and  revealing  that  the  cooperative  interaction 
(synergy)  among  Co,  N  (from  PPy),  and  C  (from  BP2000)  is  the  key 
towards  improving  ORR  kinetics. 


Studies  on  M-tetrasulfonated  phthalocyanines  [29]  concluded 
that  the  doping  effects  on  the  electrocatalytic  activity  of  ORR 
depend  on  the  dopant  elements  because  the  bonds  of  M-Nx  affect 
the  ORR  pathways.  Fig.  6  shows  the  CVs  of  M-doped  PPy/BP  cata¬ 
lysts  in  the  Ar  and  02-saturated  solutions.  No  significant  anodic  and 
cathodic  peak  current  is  observed  in  Fig.  6a  (in  the  Ar-saturated 
solution).  The  significant  cathodic  currents  in  Fig.  6b  represent 
that  ORR  occurred  on  the  M-doped  PPy/BP  catalysts  in  the  02- 
saturated  solution.  The  small  anodic  currents  appearing 
around  -0.2  V  reveal  that  something  (only  created  in  the  02- 
saturated  solution)  electrochemically  oxidized,  indicating  that  the 
ORR  on  the  M-doped  PPy/BP  catalysts  is  not  a  perfect  four-electron- 
transfer  reaction.  Fig.  7  shows  the  RDE  voltammograms  and  the 
K— L  plots  of  the  M-doped  catalysts  supported  on  the  glass  carbon 


Table  3 

Doping  effects  of  transition  elements  on  the  number  of  electrons  transferred  (n)  and 
kinetically  apparent  limiting  current  density  (jt). 

PPy/BP  Mn(N03)2  Fe(N03)2  Co(N03)2  Ni(N03)2  Cu(N03)2 
~n  2£  Z8  3P  37  37  3 3 

-Jk(mAcm“2)  2.0  7.9  10.8  8.9  12.3  12.3 
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Fig.  8.  CVs  of  Co-doped  PPy/BP  (using  nitrate,  chloride  and  sulfate  as  the  precursor,  respectively)  in  the  alkaline  (a)  Ar-  or  (b)  02-saturated  solution  (0.1  M  KOH)  at  25  °C.  Scan  rate: 
10  mV  s-1. 


electrode  at  300,  400,  600,  800  and  1250  rpm  rotation  rates.  The 
doping  effects  of  such  transition  elements  on  the  number  of  elec¬ 
trons  transferred  (n),  as  well  as  the  kinetically  apparent  limiting 
current  density  (jk),  are  illustrated  in  Table.  3,  sorted  according  to 
their  atomic  number.  Compared  with  hydrothermally  treated  PPy / 
BP,  transition  element  doping  promotes  oxygen  utilization 
(increase  in  n  value)  and  improves  electroactivity  (increase  in  the 
absolute  value  of  jk).  By  increasing  the  d-electron  of  the  transition 
element  from  5  of  Mn  to  10  of  Cu,  the  n  value  initially  increased  and 
then  decreased,  revealing  that  M-Nx  with  a  proper  empty  d-orbit 
favors  parallel  coordination  with  one  of  two  oxygen  atoms  and  that 
another  oxygen  atom  is  then  absorbed  on  the  carbon  atom  (the 
edge  carbon  of  the  catalyst  support,  near  the  M— Nx  site). 

Pyridinic-N  is  a  catalytic  site  for  ORR  through  a  two-eletron- 
transfer  pathway  [30],  PPy  modification  on  BP2000  created 
pyridinic-N  sites  [20],  Hydrothermal  treatment  may  create  more 
catalytic  sites,  such  as  graphitic-N  on  PPy/BP,  similar  to  N-doping 
with  graphene  through  pyrolysis  [31  ].  Consequently,  the  number  of 
electrons  transferred  per  molecular  O2  on  the  hydrothermally 
treated  PPy/BP  is  promoted. 

On  the  other  hand,  the  doping  anion  plays  an  important  role  in 
improving  the  conductivity  of  PPy,  as  described  in  the  study  of 
doping  anions  in  oxide/polypyrrole  composites  for  ORR  [32],  Fig.  8 
shows  the  CVs  of  the  Co-doped  PPy/BP  catalysts  using  nitrate, 
chloride  or  sulfate  as  the  precursor.  No  significant  anodic  and 
cathodic  peak  current  appears  in  the  CVs  of  these  catalysts  in  the 
Ar-saturated  solution.  Fig.  9  shows  the  RDE  voltammograms  and 
K— L  plots  of  the  Co-doped  catalysts  supported  on  the  glass  carbon 
electrode.  Comparing  Fig.  7d  with  Fig.  9a  and  b,  Co  nitrate  exhibited 
a  better  doping  effect  than  Co  chloride  or  sulfate,  revealing  that 
anion-doping  affects  the  ORR  kinetics  and  pathway,  as  tabulated  in 
Table.  4.  When  Co2+  ions  combined  with  N  of  PPy  to  form  M— Nx, 
the  corresponding  anions  were  then  incorporated  onto  PPy  to 
change  the  layered  structures  of  the  PPy  backbone  and  the  dopant 


[33],  This  anion  incorporation  may  change  the  electronic  structure 
of  graphitic-N  to  affect  its  electrocatalysis  for  ORR. 

4.  Catalytic  sites  for  ORR  on  M-doped  PPy-modified  BP 

The  experimental  results  and  discussion  above  show  that 
hydrothermal  M-doping  into  PPy/BP  creates  functional  and  non¬ 
functional  M— Nx  sites,  as  shown  in  Fig.  10.  Functional  M— Nx  sites 
were  formed  near  the  graphite  base  (depending  on  the  edge  space 
of  the  graphite  structure),  enabling  the  molecular  oxygen  to  be 
absorbed  on  carbon  (from  the  catalyst  support)  and  Co  in  bridge 
form.  Consequently,  ORR  proceeds  via  the  four-electron  path  on  the 
M-Nx  sites  of  carbon-supported  catalysts  [18-22],  The  PPy  in  the 
Co-doped  PPy  released  more  NH  protons  than  that  in  the  PPy/BP 
(relative  to  the  pH  value),  whereas  the  Co  content  on  the  surfaces  of 
the  Co-doped  PPy  and  Co-doped  PPy/BP  were  similar  (from  the  XPS 
results),  revealing  that  the  Co  in  the  Co-doped  PPy  combined  more 
nitrogen  than  that  in  the  Co-doped  PPy/BP.  Consequently,  molec¬ 
ular  oxygen  will  be  difficult  to  absorb  on  Co.  Therefore,  without 
carbon  support,  hydrothermal  M-doping  into  PPy  only  creates  non¬ 
functional  M— Nx  sites. 

Graphitic-N  can  be  created  from  a  graphitic  ring  through  PPy 
reconfiguration  during  hydrothermal  treatment,  as  shown  in 
Fig.  10.  Compared  with  M-Nx  and  graphitic-N,  pyridinic-N 
formation  is  more  difficult  because  of  the  geometrical  limitation 


Table  4 

Effects  of  doping  anions  on  the  number  of  electrons  transferred  (n)  and  kinetically 
apparent  limiting  current  density  (jk). 

PPy/BP  C0SO4  CoC,2  Co(N03)2 

n  2£  Z6  34  3J 

— Jk  (mAcm~2)  2.0  4.3  6.9  8.9 
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caused  by  the  difference  in  molecular  structure  between  graphite 
and  pyrrole.  Pyrolyzation  may  be  necessary  to  create  more 
pyridinic-N  sites,  as  suggested  by  many  researchers  [6,7],  A 
surfactant  containing  Co  may  be  a  good  catalyst  precursor  for 
treating  PPy-modified  carbon  materials  for  ORR  because  Co-doping 
creates  Co-Nx.  Moreover,  the  corresponding  bulky  anion  can 
improve  the  electrical  conductivity  of  PPy.  PPy  functions  as  an 
“electronic  conductive  wire”  that  connects  each  carbon  particle  to 
improve  the  conductivity  of  the  catalyst. 

5.  Conclusions 

M-doped  PPy-modified  BP2000  catalysts  (M  —  Mn,  Fe,  Co,  Ni, 
and  Cu)  were  synthesized  using  the  hydrothermal  method.  PPy  ties 
carbon  black  particles  together  to  form  a  3D  network  after  the  PPy 
modification  of  BP2000.  PPy  reconfiguration  occurs  during  the 
hydrothermal  process.  The  cooperative  interaction  among  Co,  N 
(from  PPy),  and  C  (from  BP2000)  in  the  Co-doped  PPy/BP  is  key  to 
ORR  enhancement  as  molecular  oxygen  is  adsorbed  on  carbon 
(from  catalyst  support)  and  Co  in  bridge  form.  The  individual 
interactions  between  carbon  support  and  PPy,  carbon  support  and 
Co,  and  Co  and  PPy  exhibited  insignificant  effect  on  ORR 
enhancement.  The  doping  effect  of  transition-metal  salt  to  PPy/BP 
on  ORR  enhancement  is  dependent  on  the  nature  of  the  transition 
element  and  the  corresponding  anion. 
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